NOTES ON THE 
JULIE RATIOMETRIC 
METHOD OF MEASUREMENT 


JULIE RESEARCH LABORATORIES, INC. 

211 West 61st Street New York, New York 




TABLE OF CONTENTS 


Introduction. 1 

Why A New Method Of Measurement. 1 

The Historical Background Of The New Method. 2 

The Julie Ratiometric Method. 3 

Fundamental Units And Traceability . 5 

The Measurement Of Voltage. 6 

The Measurement Of Resistance. 8 

The Measurement Of Ratio. 8 

The Unit Of Null. 9 

The Measurement Of Current. 10 

Ratiometric Instrumentation And Traceability Revisited. 10 

Technical Appendix. 15 

A Proposed Value Analysis For Measurements. 16 

Derivation Of Ratio Correction . 19 

Establishing Ratio To One Part In Ten Million.25 

Equipment Appendix .29 

Comparison Of Ratiometric Method And Classical Method. 30 

Using Ratiometrics To Measure Resistance. 31 

Primary Resistance Measuring System PRB-205S. 33 


2 ) Copyright, Julie Research Laboratories, Inc. March, 1964 
Second Edition, June, 1964. 





















INTRODUCTION 

The purpose of this handbook is to acquaint you with the basic principles 
of the Julie Ratiometric Method of Measurement. This new system of 
measurement, a genuine advance in the field, differs substantially from 
the classical and accepted methods of measuring dc voltages, currents, 
resistances and other electrical values. 

Since the basic principles of Ratiometrics are new, it is too large a 
subject to cover completely in these pages. A full-length book is in the 
works. But because the method offers, aside from its technical contri¬ 
butions, new techniques which are faster, simpler and cheaper than 
presently used procedures, it became advisable to communicate these 
ideas to as wide an audience as possible without waiting for the book to 
be published. 

For some time this method of communication was a two-day course in 
Ratiometrics offered periodically at Julie Research Laboratories in 
New York City. The course was (and is) a combination of lecture and 
laboratory sessions. Participants learned basic principles of Ratio- 
metrics and general applications by working with the Julie equipment. 
But the very nature of such a course, relying so heavily on personal 
instruction and the availability of the necessary equipment, limited the 
number of students. 

This booklet has been compiled largely from an edited tape recording of 
the introductory portion of the course. It is complemented by formulae, 
equations and technical material which was either shown to the students 
on a slide projector during the course, given to them as part of a 
package of lecture notes, or published by Julie Research Laboratories, 
Inc. 

With the caution that this handbook is not intended to be a complete re¬ 
view of Ratiometrics, nor as a substitute for a two-day course in the 
subject, let us explore some of the historical and theoretical background 
for this new method. 


WHY A NEW METHOD OF MEASUREMENT? 


There is always a question as to whether new methods are ever needed 
in any scientific field. But three trends converging at the present time 
make it important that we (or someone) develop a new method, and that 
the new method be taught to people in the industry. 

The first of the forces that make the new method mandatory is the result 
of the large-scale electronics programs that have been undertaken in 
connection with inertial navigation problems, with computer development, 
and with satellite and space-probe projects of all kinds. As a result of 
all this strenuous effort, there has been a great increase in the need for 
accurate measurements, calibrations, and certifications, and for an 
increase in the speed with which they can be made. Many laboratories 
are under extremely heavy pressure to work more quickly, to do more 
work, and to do it at higher accuracy levels than ever before. This 
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situation was certainly not anticipated when the classical techniques 
were developed; rather, the classical techniques were designed for 
scientists working quietly in their laboratories without heavy time 
pressure. The modern demand for good, fast measurements, though, 
has changed all this, even in those very laboratories. 

Secondly, there has been a change over recent years in the availability 
of the services of the nationally recognized source of good measure¬ 
ments - the National Bureau of Standards (NBS). At the very same time 
that we in industry need more certifications than ever before, NBS gives 
signs of wanting to get out of the calibration business. Of course, if NBS 
decreases its activity, then the local plant activity must be increased in 
the same proportion. Each plant will have to perform the calibrations 
and certifications that NBS no longer wishes to perform. 

The third factor that enters this picture is the increasing reliance on 
value as a criterion for measurement technology and equipment. A fuller 
explanation of how value analysis can be applied to several types of 
measurements will be found in the Technical Appendix. The conclusion 
to this value analysis should, however, be stated here. It shows that the 
new method provides $30,000 worth of measurement value at a system 
cost of only $2,500. 

This re-emphasizes the critical need to communicate the basic prin¬ 
ciples of this new method to everyone concerned with value in electrical 
measurements. 


THE HISTORICAL BACKGROUND OF THE NEW METHOD 


The discovery of our new system originated with the development of 
some precision resistances assembled in sets that we called DMR sets 
(for decade multi-resistor set). The original requirement was for re¬ 
sistance of elements to be used in a computer application, but other 
applications, as we shall see later on, have come forward to overshadow 
that first usage. 

We make no claim that our resistors are "the most accurate in the 
world." That title is held, at present, by the Thomas 1-ohm design with 
which we are all familiar. But at higher resistance values 1,000 ohms, 
100,000 ohms, for example, the JRL units are probably the most accurate 
that are now available. The unusual thing about our resistors was their 
small size for units of this accuracy. Because of their size we were 
able to assemble them in sets of 10 or 12 in a small, hermetically 
sealed, case. The fact that we now had 12 very accurate, very stable 
resistors available in a single small assembly startedus thinking along 
lines that were rather unconventional in terms of classical measure¬ 
ments. This thinking eventually led to the concept of ratiometric 
measurements. 


We found, of course, that we could interconnect these resistors in the 
set in different patterns and it wasn T t long before we established the 
fact that if we wanted to do a ratio measurement we would take, say, 
n of these resistors in series and tap the string at the k-th resistor to 
set up the ratio k/n. 
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In terms of a 10-resistor string, for example, we could easily obtain 
ratios of 0.1, 0.2, 0.3, etc. with accuracies better than 1 tenth part per 
million, using our resistors that are accurate to a few ppm of nominal. 
We then used three sets of these hermetically sealed resistance stand¬ 
ards as successive decades of a universal, dialable, voltage divider, 
and supplied the last three decades with individual resistors of nearly 
the same high quality to make it a 6-digit divider. (The lowest three 
decades contribute much less error than the first three.) This device 
proved to be the first (and to our knowledge, the only) Kelvin-Varley 
divider to have a guaranteed accuracy of 1 ppm. So that we had now made 
a two-step advance, from individual resistors of high accuracy through 
a multiple resistance standard of equally high accuracy, to a 6-dial 
voltage divider offering ratios accurate to 1 ppm, guaranteed. 

These early steps in the development of the new method are retraced 
in the first few lab experiments in our course. We show how to inter¬ 
compare a group of precision resistors. That information is used to 
generate ratio corrections that allow the string of resistors to be used 
as virtually an absolute standard of ratio. More importantly, we show 
how a ratio standard can be used as the primary calibration tool for an 
entire measurements facility and how a 6 or 7-digit, 1-ppm Kelvin- 
Varley divider used as a basic measurement device around which an 
instrument complex can be established. 

THE JULIE RATIOMETRIC METHOD 

In exploring the uses of absolute ratio in the measurements laboratory 
we developed the ingredients that now make up the Julie Ratiometric 
Method. First we have the set of resistors, which we can call a k/n 
ratiometric set. This is the fundamental tool because by intercomparing 
its elements we can establish ratios having accuracies of 1 part in 10 
million. There are two types of k/n standards that we currently use = 
the original DMR set and a newer unit, comprised of the same resistors 
but packaged in a more adaptable manner, which we call our RCS series 
(for Resistance/Conductance Standard). 

The second ingredient is the divider itself, our VDR-106. Where the DMR 
and RCS are ratiometric sets, the VDR-106 is a ratiometric divider; 
i.e., one that can be calibrated by ratiometric means. 

So far, we have talked only in terms of ratio. The fundamental units with 
which the laboratory scientist deals are not only ratio but resistance, 
voltage, and current, and so we worked to develop means of using our 
ratiometric tools for the measurement of these units. Basically what 
we were looking for was a system that would use high-accuracy ratio, 
through the dialable divider, to give us, with auxiliary equipment, 
measurements of voltage, resistance, and current. When we were 
satisfied that we had found such a system we coined the terms "Ratio- 
metric" to describe the technology and the instruments. We offer the 
following still-tentative definition: 

RATIOMETRICS: A generalized system of (electrical) measure¬ 
ment that uses a single ratio instrument (divider) as the universal 
means of measurement and a single ratio standard of more than 
two elements (divider string) as the universal means of cali¬ 
bration. 



In passing, we should note for the record the fact that ratiometrics is 
not confined to DC measurements, nor even, in fact, to electrical 
measurements, hence the parentheses above. Properly instrumented, 
ratiometry might well offer great advances in other fields of measure¬ 
ments science, but we will confine it to DC electrical measurements for 
the time being. 

The reasoning behind the eventual development of ratiometrics is as 
follows: We would use the divider with auxiliary equipment so that its 
dial settings from 0.000000 to 1.000000 would correspond to, say, re¬ 
sistance measurement from 0 to 1 ohm, or 0 to 10 ohms, or 0 to 10,000 
ohms. (This would make the linear ratio scale of the divider read in 
resistance units). We would then need to make the divider full-scale 
reading correspond to the upper end of the resistance scale and the 
divider 0 setting to the lower end of the resistance scale. Under these 
conditions, the divider calibration would also be resistance calibration, 
and the dial setting of the divider would give the resistance value as a 
fraction of the full-scale reading with an accuracy on the order of 1 
ppm or so. 


We followed the same line of reasoning for voltage and for current; we 
searched for a way to use the divider so that its low-end setting corre¬ 
sponded to the low end of the desired range and its high end setting 
corresponded to the high end of the range. By designing suitable 
auxiliary components and set ups we were able then to make the linear, 
known, calibration of the divider correspond to either voltage or to 
current. This entire system of measurement is now complete and has 
been submitted for a variety of patents. 

To see what can be accomplished with this new method let us consider the 
matter of accuracy for a moment. The accuracy of a ratiometric 
measurement has two ingredients: The first is interpolation error, the 
second is the standardizing error. 


When we set the divider ratio to some point between 0 and 1 we are 
interpolating between those two points. The interpolation error is simply 
the ratio error of the divider which is readily determined by calibrating 
the divider against the k/n ratiometric standard. The accuracy of the 
k/n standard is, as we said earlier, better than 1 ppm of input. The 
interpolation error (that is, the divider ratio error) is the same no 
matter what the application of the divider so that once the divider has 
been calibrated, we can apply its ratio corrections to any measurements 
made by the divider, whether of voltage, current, or resistance. 

The second ingredient is the error in establishing the end points of the 
divider scale that is, in standardizing. There is no problem in establish¬ 
ing the low end point at exactly 0, corresponding to 0 volts, 0 ohms, or 
0 milliamperes. But establishing the high end point requires stand¬ 
ardizing against the absolute reference level corresponding to either 
voltage or resistance. We must emphasize, however, the basic point, 
that once the high and low ends have been set, divider readings are 
correct with the ratio accuracy of the divider, and that there is no need 
whatever for outside verification of ratio accuracy. 



The measurements error then, at any point within the established range 
of voltage, current, or resistance, is the error in establishing the high 
end-point of the range plus the ratio or interpolation error of the divider. 

To establish the high end settings, we still require reference to NBS 
fundamental units of voltage and resistance. This provides the trace- 
ability that is necessary in basic measurements. But note that the entire 
system requires NBS calibration at only these two points of voltage and 
resistance. 


FUNDAMENTAL UNITS AND TRACEABILITY 


Perhaps the starting point for a discussion of fundamental units and 
traceability ought to be a definition of what we mean by the term 
fundamental. We use this term instead of the more common word, 
primary, to represent the universally agreed-upon, scientific, value of 
a unit. In short, it represents the unit (of voltage or resistance in 
particular) as maintained, in the United States, by the National Bureau 
of Standards. 

The function of NBS in maintaining the fundamental standards is basically 
that of a guarantor, not of the absolute accuracy of the units, but of the 
stability of the units and the reproducibility of the measurements. 
Although NBS and several other laboratories work in the area of es¬ 
tablishing the absolute values of these units in mass/length/time 
dimensions, the precision with which such absolute quantities are known 
is of lesser magnitude than that with which the stability and repro¬ 
ducibility of the units are known. 

NBS' certification amounts to a tacit guarantee that the NBS standards 
are manufactured of certain materials, that they are not drifting, that 
the environmental conditions are within specified limits, and that the 
personnel responsible for the certification work carefully and with great 
precision. 

The concept of traceability is illustrated by our chart of the sources of 
error in a precision measurement (Figure 1). To trace a measurement 
back to its ultimate source, the fundamental units requires an analysis 
of the uncertainties introduced at each step of the measurement. This 
chart introduces a new way of looking at measurements, replacing the 
familiar "primary - secondary - quality control - production control" 
hierarchy. It provides a more graphic and realistic way to assess errors 
and accuracy values. 

Working in the forward direction rather than the way we would go if 
actually tracing a measurement, we can define four basic steps in ob¬ 
taining a measurement. We start with the establishment, maintenance, 
and comparison with the fundamental unit at NBS. Next we must move 
that unit - transport it - to the place where it will be used. Third we 
must use this standard to calibrate secondary standards at other levels, 
usually cardinal points such as 10, 100, or 1,000 times the fundamental 
unit; we call this process extrapolation. Fourth, we must make indi¬ 
vidual measurements, usually at points between the cardinal values 
(e.g. 101.7, 19.24 etc.); we call this process interpolation. 



A NEW TRACEABILITY OF DC MEASUREMENTS 


Basic 

Quantity 

* ■ <■ ■ 

Optimum Non-Hiearchial Measurements Path 

Final User 
Level 

Fundamental 
Scientific Unit 

Transported 

Unit 

Extrapolated 

Unit 

Interpolated 

Unit 

VOLTAGE (E) 

Equipment 

Saturated cells 
in oil bath 
(Statistical 

Set) 

Saturated cells 
in portable 
bath 

Volt box: 1, 3, 

10, 100 V, 1KV 

200 KV or 0.1, 
0.01, 0.001 V 

Potentiometer 
(Slide wire) 


Reliability * 
Accuracy 
Stability 
Reproducibility 

0.1 ppm 
to 

0. 6 ppm 
(10 ppm MLT) 

1 ppm 
to 

10 ppm** 

10 ppm 7 r- ,r 

to 

100 ppm** 

15 ppm 
to 

100 ppm** 

26.1 ppm 
to 

210. 6 ppm** 
(mean '= 118) 

Assurance 

NBS 

(Washington) 

Cell/Bath Mfr. 

Volt box Mfr. or 
Local Calibra¬ 
tion* 

Potentiometer 
Mfr. or Local 
Calibration* 




Equipment 

1 ft Thomas 

1 ft Thomas 

Resistance stand- 

Resistance 




Resistors in 

Resistors 

ards 1 , 10, 100 

bridge 




oil bath 


ft . . . 100 MEG 


^_ s 


(Statistical 


or 0. 1 , 0. 01, 



& 


Set) 


0.001 ft .... 



o 

Reliability 

0. 1 ppm 

0. 5 ppm 

0. 5 ppm 

10 ppm 

13. 1 ppm 

<! 

Accuracy 

to 

to 

to 

to 

to 

H 

22 

Stability 

0. 6 ppm 

5 ppm 

1 ppm 

100 ppm** 

110. 6 ppm 

CO 

W 

PS 

Reproducibility 

(10 ppm MLT) 


per decade** 


at 100 K** 
(mean = 61.9) 


Assurance 

NBS 

Resistor Mfr. 

Resistance stand¬ 

Bridge Mfr. 




(Washington) 


ards Mfr. 

or Local 
Calibration* 



* Following published, NBS - approved, procedures. 

** Accuracies cited are for best quality and good quality, non-ratiometric equipment. 


Figure 1 


An error, or uncertainty, is imposed upon the final measurement by 
each of these "step" errors, the total error being equal to the sum of 
the individual errors. We may, therefore, add the uncertainties across 
the chart to find the uncertainty at the "user" level. 


THE MEASUREMENT OF VOLTAGE 


If we take the unit of voltage as an example, we can examine the effects 
of the four steps shown in our chart on the certainty with which the 
ultimate user "knows" the value of any given measurement. We may say 
that the large, statistically large, set of standard cells maintained by 
NBS at Washington, D. C. is a reliable and reproducible standard of 
(nominally) 1 volt to seven decimal places; the actual value, of course 





is not 1 volt, but slightly more, as it depends on the cell material used, 
and other factors. As we have indicated already, this value is tacitly 
crn^r^nfppd bv NRS. 

,_> ■ — ■- j - 

The first requirement, naturally, is to compare a second standard 
against NBS' standard. This is normally done, for Julie Standard cells, 
to seven digits; again, the workmanship of the comparison is tacitly 
guaranteed by NBS. But once the comparison has been made, it is 
necessary to transport the unit from the NBS laboratory to the user's 
laboratory, and in this process there is some inherent error or un¬ 
certainty that must be added to the original uncertainty of 0.1 ppm. It 
is our experience, after manufacturing and delivering several hundred 
standard cell units, that the uncertainty can be maintained as low as 
0.5 ppm above the original NBS guarantee level. This is true only if 
proper transportation equipment is used and proper precautions are 
taken to avoid thermal shock, and other disturbances. With certain 
commercially available units, the additional uncertainty can be as high 
as 10 ppm, which might still be acceptable for some types of work. The 
guarantee that the transportation error, if we may call it that, will not 
exceed a certain amount is basically that of the manufacturer of the 
equipment used to transport the unit. If he is reliable and suitably 
conservative, the uncertainty is minimized. 

On arrival at the user's laboratory the volt is ready to use, so to speak, 
except that precious little work is done at precisely 1.017 .... volts. It 
becomes necessary immediately to extrapolate the basic unit to some 
higher level. 

We use the term extrapolate in the sense of linearly extending by orders 
of magnitude. In actuality, what we do is multiply the basic unit by fixed 
factors rather than simply "stretch" it; the important factor, though, is 
the linearity of the process, of which more will be said later. In the 
case of voltage the extrapolating instrument is the volt box and under 
ordinary conditions we can expect an error contribution, or uncertainty, 
of about 0 . 01 % in extrapolating from 1 volt to 1,000 volts. Using ratio- 
metric techniques, we will show how this uncertainty can be reduced by 
orders of magnitude. In the case of the conventional volt box procedure, 
the assurance of volt box accuracy of multiplication comes from the 
manufacturer of the volt box; or, if you chose to undertake the work, 
you could also obtain your own assurance by calibrating the volt box 
yourself by means of a rather complex procedure. On the other hand, 
working with ratiometric techniques, the very greatly superior accuracy 
is locally - almost immediately, as a matter of fact - ascertained. In 
thi s case, the uncertainty contribution of the extrapolation process 
could be on the order of 0.0005%. 

Having extrapolated the volt from the fundamental, but transported, unit 
to the range of 3, 10, 100, 300, or 1,000 volts by means of the volt box, 
we are now faced with the problem of measuring, for example, 127.651 
volts with great accuracy. To obtain such a value we must now inter¬ 
polate between 0 volts and the high end of the appropriate range. The 
traditional method by which this is done is the so-called K-3 potenti¬ 
ometer, or a similar device which might, under favorable circum¬ 
stances, gives an error contribution as low as 0.0015%. Values on the 



order of 0.01%, however, are also obtained from such interpolations 
when conditions are less than favorable. The assurance here, as before, 
is offered by the manufacturer of the potentiometer, although local 
calibration is possible - again by a lengthy process designed for a 
standards laboratory rather than for an operating procedure. 

Once again, though, if the ratiometric method is applied, interpolation 
is done with the voltage divider and is done with accuracies on the order 
of 0.0001% or better if self-calibration techniques are applied. The 
assurance of the reliability and reproducibility of the interpolation in 
the ratiometric method, as always, is local and the results are readily 
verified. 

If we sum up the uncertainties involved in the entire process of estab¬ 
lishing the fundamental voltage unit, transporting it to the user, extrap¬ 
olating it to a more desirable range, and then interpolating for specific 
readings within that range, we find that there is a considerable difference 
between the two methods. Applying the conventional methods across the 
board we find that the limiting factor is probably in the interpolation 
process and that ultimate uncertainties commonly encountered in the 
measurement of voltage are on the order of 0.01%. This is rather a far 
cry from the 0.1 ppm level of the NBS maintenance of the fundamental 
unit; it represents a loss of three orders of magnitude in accuracy. In 
communications work the analog would be a 60 db loss in the channel, 
which would very conservatively be called "noisy." 

On the other hand, in the ratiometric method we find that the ultimate 
voltage measurement accuracy is on the order of 0.0006%, which repre¬ 
sents an improvement of about 20 times over the "conventional channel." 


THE MEASUREMENT OF RESISTANCE 

We make a similar analysis for the fundamental and applied units of 
resistance, where we find the optimum results obtainable for classical 
conventional equipment. We will find that Ratiometrics offers an 
improvement of at least 10 times over the conventional method. 

In the case of resistance, extrapolating with the Julie RCS-105/7 series, 
we obtain extrapolation uncertainties on the order of 0.5 ppm/decade or 
better. Interpolating resistance value with the Julie Ratiometric bridge 
(which uses the VDR-106) we obtain accuracies on the order of 0.0001%. 
At 10,000 ohms full scale, four decades of extrapolation, we have a 
high-end error of perhaps 2 ppm; added to this is the interpolation error 
of about 1 ppm. The result is a resistance measurement accurate to 
about 3 ppm far better than any of the more conventional techniques. 


THE MEASUREMENT OF RATIO 

Since the heart of the Ratiometric system is the accuracy of the ratio 
in the string, let us now subject ratio to the same type of analysis we 
applied to voltage and resistance. Figure 2 illustrates this analysis. 

Some factors stand out immediately. Notice first that the fundamental 
scientific unit, the k/n divider string, is an extremely accurate absolute 



standard of ratio. The accuracy of 0.1 ppm is approximately the same 
as the accuracy achieved in NBS calibration of voltage and resistance 
standards. 

Since the divider string is maintained at the user installation, no 
accuracy is lost in transportation. As we have seen previously, it is 
not uncommon to lose, an order of magnitude or more in transportation. 

Ratio is self-assuring at the user level and the calibration is simple 
and easy to do. Extrapolated ratio devices exhibit extremely low 
errors — .25 ppm/decade for RCS 105/7. Finally, the interpolation 
unit has accuracy of .0001% (guaranteed for five years) and with self¬ 
calibration, accuracy of .00001%. At the final user level we have been 
successful in providing ratio accuracy of (0.000001 + 0.000025 decade + 
0.1 digit) %. 


TRACEABILITY OF RATIO 


Basic 

Quantity 


Optimum Non-Hierarchial Measurements Path 

Final User 

Level 

Fundamental 
Scientific Unit 

Transported 

Unit 

Extrapolated 

Unit 

Interpolated 

Unit 

RATIO 

Equipment 

_k_ 

n 

Divider String 

n 

Divider String 

Resistance 

Conductance 

String 

Julie VDR-106 
VDR-106/7 


Reliability 

Accuracy 

Stability 

Reproducibility 

0. 01 ppm 
to 

0.1 ppm 

0. 01 ppm 
to 

0.1 ppm 

0. 25 ppm 
to 

0. 5 ppm 
per decade 

.00001%* 

. 0001% 
guaranteed 
for 5 years 

(0.000001 + 0.000025D)% 

+ . 1 digit 

(0.0001 + 0. 00005D)% 

+ 1 digit 

(D = Decades) 

Assurance 

Self assuring 

Self assuring 

Self assuring 

Self calibrating 



* When self-calibrating. 


Figure 2 


THE UNIT OF NULL 

An important part of the ratiometric approach is to consider that there 
is an independent electrical unit that we may call "null". When using 
an electronic null detector, we find that the uncertainty in determining 
the null or balance point is equivalent to the noise-to-signal ratio of the 
null detector. For a null detector such as the Julie model ND-106, the 
resolution is about ±0.2 microvolts at an input impedance of 100,000 
ohms. This value, of course, is locally ascertainable by relatively 
simple means. As an uncertainty factor it can be manipulated exactly 
as are the uncertainties of resistance or voltage. 




We can also go one step further and suggest a variant of the null unit, 
which we may call "active null." If the null detector is used to drive an 
electronically active device such as a transistor amplifier, in a feed¬ 
back loop, the error contribution of the loop is simply the reciprocal 
of the loop gain. The uncertainty in this unit of active null is thus the 
sum of the null detector error (noise: signal ratio) plus the "amplification 
error." 


This latter unit is useful when dealing with the systems for generating 
stable current outputs. 


THE MEASUREMENT OF CURRENT 


The combination of resistance and voltage measurement with the unit 
of null permits us to measure current with great accuracy. The unit 
of current is in reality a derived quantity involving three of the other 
.units, voltage, resistance, and null. Current is measured by comparing 
the voltage drop across a sensing resistor against a voltage standard, 
the current value being equal, of course, to the voltage value at null 
divided by the resistance value of the sensing element. The total meas¬ 
urement uncertainty combines the errors of voltage, resistance and 
null. 

Employing Ratiometric techniques we are able to generate currents 
that are stable to one part per million per week and to make absolute 
current measurements of high accuracy. 


RATIOMETRIC INSTRUMENTATION AND 
TRACEABILITY REVISITED 


We will shortly look at the analyses of traceability again with a view 
towards how the final user accuracies are heightened while costs are 
held steady. But before we proceed to that, the instrumentation for the 
Ratiometric method should be more properly introduced and its place 
in the system defined. 

Figure 3 shows the parts of the system and helps illustrate how one 
console can be an entire dc measurements facility. Keep in mind that 
these instruments are modular and fit into a console that, in most 
cases, is roughly 33 M high, 19" wide and 10" deep. (The size depends, 
naturally, on how many instruments are in the console.) 

The DMR (decade multi-resistor) sets we talked about earlier in dis¬ 
cussing the historical background of Ratiometrics or the RCS (resistance 
conductance standard) are our k/n ratiometric standard. The string is 
connected to our VDR 106/7, which is a Kelvin-Varley divider that 
offers one part per million (0.0001%) accuracy. That is an order of 
magnitude better than previously available instruments of this type. It 
was necessary to invent such a divider because it is central to the 
ratiometric method and the necessary accuracies could not be found in 
the dividers then sold. 



The ND-106 is a sensitive null detector with calibrated, variable and 
logarithmic ranges* It has, as was pointed out earlier, a resolution of 
0*2 mv at 100,000 ohms input impedance* 

The SCO-106 is the voltage reference* It has an NBS-certified accuracy 
of 0.0001%. The PVP-1000C is the potentiometer in the system. Its 
accuracy is 0.0002% ± 1 digit. The module consists of the standard cell 
ratio set, the ultra-stable, thermally-lagged mercury cell source, the 
battery adjust and calibration rheostats, and the integral precision 
volt box. 


RATIOMETRIC INSTRUMENTATION 

TYPE OF 
MEASUREMENT 



DIRECT READING RATIO SET 


Figure 3. 


On the resistance side, we have the PRB-205C which is the primary 
resistance bridge adapter instrument. It standardizes each of 5 decade 
ranges so the voltage divider interpolates linearly and accurately 
from 0 to 10 megohms. 


RATIOMETRIC MEASUREMENTS 

USE OF THE VOLTAGE DIVIDER AS THE BASIC INTERPOLATING 
TOOL IN A COMPLETE SYSTEM OF DC MEASUREMENTS 


FULL 

lOOma 100,000 Q 1,000 V 1.000000 V 1.000000 SCALE 


CURRENT 

RESISTANCE 

VOLTAGE 

VOLTAGE 

RATIO 

RATIO A 

CORRECTION // 

i 


0 o 0019% 

+1 digit (g) 

0.0015% 

+ 1 digit (g) 

0. 0014% + 1 digit 
(g) 

0.0004% + 1 digit (g) 

0.0001%(g) 

(ppm of 
input) 

1 

A 



0. 0007% 

+0. 1 digit (s) 

0. 0005%(NBS) 

+0. 1 digit (s) 

0.0007% + 

0.1 digit (s) 

0.0002% + 0.1 digit 
(s) 

0.00001% (s) 


/ 


- VALUE 


Jy 





0 0 0 DIAL SETTING 1 


(g) GUARANTEED 

(s) SELF-CALIBRATION . 


Figure 4. 









These modular instruments provide us with highly accurate and rapid 
measurements of voltage, resistance and current. They also provide 
equally accurate and rapid measurements of ratio. The specifics of 
these accuracies are illustrated in Figure 4 which shows what happens 
when the ratiometric instruments, using the voltage divider as the basic 
interpolating tool, perform dc measurements. 

Now that Ratiometrics has been defined and we have explored how, both 
in theory and in instrumentation, highly accurate measurements of basic 
quantities can be made, let us return to our charts of traceability and 
dc measurements. But this time we have listed all the basic quantities, 
including ratio and active and passive null. Figure 5 demonstrates how 
accurate these measurements can be in the ratiometric method. It shows 
also that the measurement values are in inverse proportion to the cost of 
these measurements. 

REVISION OF TRACEABILITY CHART FOR FUNDAMENTAL UNITS 


Basic Qty 

Traceability 

Accuracy 

Measurement 

Value 

Cost 

RATIO (r) 

SELF 

0. 1 ppm absolute 

Highest 

Lowest 

NULL (passive) 

(N) 

SELF 

0.2 ppm absolute 
.2 M V - 100K - IV 





NULL (active) 

(N*) 

SELF 

0.3 ppm absolute 
(Gain of 10^) 





RESISTANCE 

(R) 

NBS 

Wash. 

0. 1 - 0. 6 ppm 
abs. (ELEC) 

10 ppm absolute 
(MLT) 





VOLTAGE 

(E) 

NBS 

Wash. 

0.1 - 0.6 ppm 
rel. 

10 ppm absolute 


f 

> 

< 

CURRENT 

(I) 

DERIVED 

E + N 

1 R 

DERIVED 

Lowest 

Highest 


Figure 5 

Figure 6 is indeed, a new look at dc measurements. We have kept on 
this chart all the data you saw before in Figures 5 and 6. But we have 
added here active and passive null and shown how the same ratiometric 
instrumentation can be used for a variety of purposes. This unique 
chart sums up the basic ratiometric measurements, illustrates their 
traceability and shows final user level performance. It is helpful as a 
standard of comparison for other dc measurement instruments, systems 
and methods. 






















Fundamental Transported Extrapolated 

Scientific Unit Unit Unit 


A NEW LOOK AT DC MEASUREMENT TRACEABILITY 
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TECHNICAL APPENDIX 


A Proposed Value Analysis For Measurements 
Derivation of Ratio Correction 
Establishing Ratio To One Part In Ten Million 



A PROPOSED VALUE ANALYSIS FOR MEASUREMENTS 


This analysis will help to demonstrate why it was necessary to develop 
a new method of measurement. The analysis begins with Figure 1 
which weighs accuracy and speed in the classical hierarchy of measure¬ 
ments. (Many factors might enter into such an analysis besides accuracy 
and speed — cost, downtime, reliability, size and dozens of others -- but 
we have restricted this analysis just to these two parameters to simplify 
matters and to keep it within strictly measureable terms. 

This proposed analysis is applied to the whole measurement operation, 
e.g., measuring 778.732 volts or ohms, as opposed to the partial one of 
measuring precisely 1 volt or ohm. 

A PROPOSED VALUE ANALYSIS OF MEASUREMENT REQUIREMENTS 
PROBLEM: Measure 778.732 volts (or ohms). 


Level 

Classical 

Hierarchy 

Accu: 

Range 

racy 

Class 

^A 

Spe 

Range 

ied 

Class^ 

Cs 

Com¬ 

bined 

Grade 

R 

Meas 

Value 

elative 

surement 

Dollar Value 


r 0.0001% 

6 

1 wk 

0 

6 

106 

$10, 000 


r (note 1) | 

(note 2) 


(note 3) 

(note 4) 

PRIMARY ( 








LABORATORIES ' 









> 0.001% 

5 

4 hr 

1 

6 

3x10®+ 

$3,000 

SECONDARY { 








LABORATORIES i 









>0.01% 

f 

4 

24 min 

2 

6 

10 5 

$1,000 

QUALITY i 








CONTROL \ 









> 0. 1% 

3 

144 sec 

3 

6 

3xl0 4 

$300 

PRODUCTION i 








CONTROL \ 









^1% 

2 

15 sec 

4 

6 

10 4 

$100 


NOTES: 

1. Accuracy (fractional parts) = 10 ”^a) 

2. Speed (per measurement) = 10 (in weeks) 

3. Relative measurement value = = 10 ~ Cs/2) 

AVS 

4. Relative equipment dollar value = K(value) = 0.01 (value) = 1c/ Ca ~ Cs//2 “ * 


Figure 1 




The typical accuracies required for primary labs, secondary labs, 
quality control and production control are listed. To each of these 
accuracies we have assigned a numerical grade* The same procedure 
was followed to give a value to speed* Those familiar with the speed and 
accuracy requirements in most labs and plant control stations will see 
that the values we f ve set down are at least approximately in the correct 
range. 

Using the formula at the bottom of the chart, you can see how a relative 
measurement value can be computed and from that a dollar value for 
the measurement. Again, those familiar with the costs of equipment 
for performing these various measurements will recognize that the 
dollar values are not very far out of line for conventional equipment. 

But what happens when new, more demanding requirements are set? 
Figure 2 illustrates the answer. In this chart, we have maintained the 
speeds necessary in each application, but have brought the accuracies 
into line with new requirements. The numbers in parentheses under 
both accuracy and speed are our grades — ascending values as 
accuracies ascend and descending values as time is lengthened. 

NEW DEMANDS vs CLASSICAL HIERARCHY 


Level 

Accuracy 

Speed 

Combined 

Value 

Cost 


0. 1% (3) 

15sec (4) 

(7) 

10 2 3 * 5 

$1,000(2) 

PRODUCTION 

CONTROL 

0.01% (4) 

144sec (3) 

(7) 

3x10® 

$3,000(2) 

QUALITY 

CONTROL 

0.001% (5) 

24min (2) 

(7) 

10 6 

$10,000 
(note 2) 

SECONDARY 

LAB. 

0.0001% (6) 
(note 1) 

4hr (1) 

(7) 

3xl0 6 

$30,000 
(note 2) 

PRIMARY 

LAB. 

(note 3) 

0.00001% (7) 
(note 1) 

lwk (0) 

(7) 

10 7 

$100,000 
(note 2) 


NOTES: 

1. Accuracy and/or speed combination unrealizable with classical equipment. 

2. Cost is beyond budget normally available in most cases. 

3. Highest accuracy classical equipment is impractical for use in non-primary standard 

laboratory environment, or at high speed, or by available personnel. 

Figure 2 





Using the same formula we used with Figure 1 for computing measure¬ 
ment value and cost, we get some startling answers. We can see that, 
for many applications, the cost is simply out of line with most budgets. 
We have also noted on this figure those accuracy-speed combinations 
that are unrealizable with conventional equipment. 

Figure 3 illustrates some actual case histories from our files. The 
accuracies and speeds required by aerospace systems and digital 
measurements systems are not uncommon in today T s electronic world. 
Again in this figure the numbers in parentheses are the values we 
assigned in the previous example. Notice that in our first assessment 
(Figure 1) the highest value we derived for the accuracy-speed addition 
was 6; in figure 2 it was 7. In actual practice, as figure 3 shows, it gets 
up to 8, 9 and 10. If the values of 7 were unrealistic in terms of cost 
(Figure 2) how much more would these new values be! 

So in real, practical terms, a new method of measurement was needed. 
This new method had to provide accuracies that were not anticipated 
when classical systems were evolved. What T s more, the speed at which 
laboratories must work (not to mention production line applications) 
has become greater and greater. As these pressures get heavier, 
classical systems became more and more outmoded. 


NEW DEMANDS 

THE T ’MEASUREMENTS PINCH M 
SOME ACTUAL CASES* 


Critical User Applications 

Requirement 

Accuracy 

Speed 

Combined 

Value 

Cost 

AEROSPACE 

(e. g., Inertial Navigation) 

DIGITAL MEASUREMENT SYSTEMS 
(e.g., Automatic Measurement, 
Sorting, Data Recording), 

1 - SLOW SPEED SYSTEMS 

2 - HIGH SPEED SYSTEMS 

0.001% 

(5) 

2 

min. 

(3) 

(8) 

3M 

30K 

0.01% 

(4) 

2 

sec 

(5) 

(9) 

3M 

30K 

0.01% 

(4) 

0.15 

sec 

(6) 

(10) 

10M 

100K 


* Taken from actual Julie files, ca. 1959. 


Figure 3 




Figure 4 is a value analysis of the new method — the Julie Ratiometric 
System. It shows that we can produce accuracy-speed combinations with 
this new’ method that outstrip the classical techniques. It also shows that 
the actual system cost is less than 0,1 times that of the classical 
measurement-dollar formula. So it is not surprising that the economic 
benefits of the new method, aside from the contribution it makes to the 
science of measurements, are of prime concern. 

A NEW METHOD OF MEASUREMENT 


(VALUE ANALYSIS OF JULIE RATIOMETRIC SYSTEM) 
Applied to measuring 778. 732 volts (or ohms) 


Accuracy 

Speed 

Combined 

Grade 

Relative 

Value 

Measurement 
Dollar Value 
($) 

Actual 

System 

Cost 

($) 

Range 

(%) 

Grade 

Range 

Grade 

0.0001 

6 

4hr 

1 

7 

3xl0 6 

30,000 

2,500 

0.001 

5 

144sec 

3 

8 

3xl0 6 

30,000 

2,500 

0.003 

4.5 

15sec 

4 

8.5 

3xl0 6 

30,000 

2,500 


REMARKS : 

1. Grades 1 to 2. 5 units higher than in classical system. 

2. Measurement value higher (3x10®) over wide speed range. Speed grades 1 to 4 are a 
speed range of 10,000:1. 

3. Actual cost less than 0. 1 times that of classical measurement-dollar formula. 

4. Same system functions in all environments and at all speed levels. 

Figure 4 

One other factor bears mentioning in this context. The National Bureau 
of Standards (NBS) has shown signs in recent years of wanting to get 
more and more out of the calibration business. Just at the time that we 
in the industry need this nationally recognized source of good measure¬ 
ments for certifications it is withdrawing into other areas. As NBS 
decreases its activity, then local plant activity must be increased in the 
same proportion. There will be a heavier and heavier reliance on local 
calibrations. 

The new method takes cognizance of this fact of life and relies much 
less on NBS certifications than do classicaltechniques.lt also simplifies 
the procedures of measurements so lower level personnel can perform 
measurement routines that were formerly reserved for laboratory 
heads of highly qualified and trained assistants. 

THE DERIVATION OF RATIO CORRECTION 

As you recall, the basic ratiometric tool is a set of more than two 
nominally identical precision resistance elements (Figure 5). 

A set of a given number of (n) such resistance elements connected in 
series can be taken in groups of k and (n-k) elements to establish 




ratios k/n. A set of ten elements permits more than 30 distinct ratios 
to be established when using only simple series connections. Synthesized 
element values obtained by various series/parallel combinations make 
possible the establishment of many additional distinct ratios. 

The useful characteristic of such a tool is the ease with which the 
error of any ratio so established can be computed from a few very 
simple measurements. The proof of this error computation follows. 


R 


R,. 


R„ 


Ro 


Ri 


0-AAA/-<>+A/'/\r<>4 / WV-0—V\A~C>-A/Vy—O 


Figure 5. 

1. For a string of nominally identical resistance elements (figure 1) 
connected in series (R , R ,... R ) the resistance value of each 
element, referred to the first element in the string, may be given 
as the measured value of the first element (R^) plus or minus some 
small measured deviation (A). Such a measurement is conventionally 
obtained by comparison of the elements on a resistance bridge 
(figure 6). The resistance values, then are given by 

R b Ri(l + A 2 ), Rl (l + A 3 ), . . . Rl (l + A n ). 


Two items may be of interest to note in connection with measurements 
actually made by this method. First, we assume that each resistance 
element extends from the "top" of the element below to the "bottom" 
of the element above, that is, that there are no connection resistances 
within the string that are not included in the measurements made during 
the comparisons. This is, in fact, the case if proper procedures are used 
during the data taking. Second, we assume that the resistance of test 
leads and connections is negligible compared to the resistance values 
employed. Again, correct procedure, and correct equipment design 
can make this true, even at low resistance values. 


2. The total resistance of a string of n of these resistance elements 
connected in series is 


n 

2 R = Ri + R^l + Ag) + Ri(l + A 3 ) . . . + Ri(l + A r ) 


3. Similarly, the total resistance of a portion of the same string 
containing k of these resistance elements (where k < n > 2) is 

k 

2R = Rj + Rj(l + A 2 ) + R^(l + A 3 ) . . . + Ri(l + A^) 
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TYPICAL BRIDGE ARRANGEMENT 



Figure 6. 


4. If we use the string as a ratio device the actual or measured ratio 
(r) of input to output voltages for k elements of the n elements that 
make up the complete string is given by 

k 

2 R 

r = —- 

2R 

5. Substitute and collecting terms, we have 

Rl + Ri(l + A2 ) + Rl(l + A 3 ) . . ■ + Rj(l + A k ) 

r ” Ri + Ri(l + A 2 ) + Rl(l + A 3 ) • • • + Rl(l + A n ) 

k k 

kri + ri2A k + 2A 

n ~ n 

nri + ri 2A n + 2 A 

The term 2 A is taken as the accumulated deviation of a number of 
measurements. 


6. The nominal ratio of "error-free" elements would be k/n. Solving 
the above for k/n, 

n k 

r(n + 2A) = k + 2 A 

n k 

rn + r2A =k + 2 A 

n k 

k = rn + r2A - 2A 


k 

n 


r n 

r + -2A 
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7. The ratio correction (C r ) at any nominal ratio (k/n) is simply the 
difference between the nominal value and the actual, i. e., meas¬ 
ured, value (r) 



where k/n has the value derived in 6. above. Thus, 


n 

C r = r - (r + ^2A 




n 


1 k n 

1 r 

= — 2 A-2A 

n n 




8. Substituting the derived value for r (5. above) expands the second 
part of the bracketed expression to 

n k n 
k2A + (2A)(2A) 


n 

n + 2A 


k 

'k + 2A 
n 

+ 2 A 


n 

2A 


9. Whatever the accuracy of comparison of the resistance elements 

_ k n 

with Ri, the product of the cumulative deviations [(2A) (2A)] is 
negligible when compared to the basic measurement error. For 
example, in a comparison made with 0.1% accuracy (which is 
certainly not of standard-laboratory quality), the two accumulated 
deviations - for k and n elements - are on the order of a few parts 
per thousand. Their product is on the order of a few parts per 
million, which cannot be considered within the limits of significance 
of a 0.1% bridge balance. 

10. The denominator of the expression in 8. above departs from the 
ideal only by the accumulated deviation for n elements. Again, 
if this accumulated deviation is on the order of a few parts per 

thousand (to use the same example), the quotient n + £ departs 

from the nominal value k/n by no more than those few parts per 

thousand and may ge given as — + A r -, where A r represents this 
small departure from nominal. 



11. The expression given in 8. above is thus simplified to 



n + 2A 


ir n n 

= f 2A+ (A r )(2A) 

Using a similar line of reasoning to that given in 9., the product 
(Ar) * (2 A) is also negligible when compared with the accuracy of 
the bridge balance employed. This leaves only the expression 
k n 

—2 A as significant. 

12. The full expression for ratio correction is thus: 



Again taking our 0.1% bridge balance as an example, let us assume 
that the accumulated deviation for n=10 resistance elements is 15 
parts per thousand and that the deviation for k=9 is, say, 12 parts 
per thousand. The ratio error at k/n=9/10 is obtained by direct 
substitution 

C r = [ 12 - IF< 15 >] 

= -0.15 parts per thousand. 

From this we see that we can always know the ratio correction with 
an accuracy approaching an order of magnitude better than any single 
bridge balance we may make. 

The real significance of this fact lies, of course, in the realm of pre¬ 
cision measurement in which the bridge balance may be made to within 
a few ppm. In this case, the ratio error can be determined to better than 
one ppm and becomes, when properly employed, a very powerful tool. 

SOME PRACTICAL CONSIDERATIONS 

There are a number of practical considerations that bear on the use 
of ratio as a fundamental value. First, there is the variability of the 
resistance elements with temperature, atmospheric pressure, humidity, 
etc. These effects are reduced to the order of 1 ppm by proper design 
in Julie resistance elements, so that short term fluctuations can be 
considered nil. Thus, a single ratio calibration may serve for a consid¬ 
erable period if the equipment is maintained under reasonably favorable 
laboratory conditions. 
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The same design feature that reduces the effects of environmental 
conditions also serves to reduce the effects of self heating. By immersing 
the elements in oil we obtain an improvement of about 10 times in 
temperature rise vs power input. However, to eliminate any variance 
that might be caused by the appreciable self-heating that occurs at 
high voltage, we recommend that the ratio string be calibrated at the 
actual voltage to be used. Detailed procedures for high voltage ratio 
calibrations are given in a separate paper. 

The effects of leakage current on the measured resistance values at 
high voltages is reduced by the use of proper insulation media such as 
air (the most important), polystyrene, and certain ceramics, as in our 
DMR series of resistance standards. Further, in the design of our Model 
RCS-105/7 Resistance Conductance Set, we have significantly reduced 
leakage current by means of a unique geometrical arrangement of the 
resistance elements and their interconnections in what we call a 
"self-guarding" configuration. 



ESTABLISHING RATIOS TO ONE PART IN TEN MILLION 


HISTORY OF ULTRA-PRECISE RATIO MEASURE¬ 
MENTS: 1956 to 1961 

Julie Research Laboratories has been using the uniquely 
precise and stable NB-1* resistor design in DMR Primary 
Standard Resistance Sets since 1955 and in VDR Primary 
Standard Dividers since 1956. 

This company has followed a policy of conservative rating 
of these standards and instruments and has gone so far as 
to develop new techniques for verification of the unusually 
high accuracies specified for its equipment. 

The information in this edition of Precision is presented in 
the hope that it will facilitate the measurement and verifica¬ 
tion of ratios by standards laboratories. 

♦Patent applied for 


INTRODUCTION 

In previous issues we have discussed the 0.0001% VDR-106 
Primary Standard Voltage Divider and the DMR Series of 
Decade Resistance Sets independently. In this issue we 
will expand the previous discussions by explaining how the 
DMR Series Resistance Sets can be used to check ratio 
accuracies with uncertainties of one part in ten million 
(0.00001%), and, concurrently, how the DMR Series may be 
used to verify the 0.0001% accuracy of the VDR-106. 

RESISTOR ERROR 

In Volume II, No. 2 of Precision , we explained the self¬ 
checking feature of the DMR Series which allows determina¬ 
tions of relative accuracies of individual resistors to within 



1 10K 10K 12 

o-v\A° &V\A° 


RESISTOR 

NUMBER 

COLUMN A 

RESISTANCE 

DEVIATION 

IN PPM 

COLUMN B 

CUMULATIVE 

DEVIATION 

IN PPM 

COLUMN C 

RATIO ERROR 
IN PPM 

1 

-1 

-1 

-0.1 

2 

-1 

-2 

-0.2 

3 

0 

-2 

-0.2 

4 

+ 1 

- 1 

-0.2 

5 

0 

-1 

-0.2 

6 

+ 1 

0 

-0.1 

7 

-1 

- 1 

-0.2 

8 

+ 2 

+ 1 

+ 0*0 

9 

0 

+ 1 

0 

10 

+ 1 

+ 2 

- 

11 

+ 2 

+ 4 

- 

12 

+ 1 

+ 5 

- 


FIGURE 1 


FIGURE 2 





DMR CALIBRATION CHART 
Theoretical Ratio to 1 part per 10 , 000,000 
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one part per million by using two of the twelve resistors' in 
the DMR as ratio arms and one of the remaining ten as a com¬ 
parison standard.t We will use such data to establish the 
ratio accuracy of a DMR-105 Resistance Set. 

Similar resistance deviation data may be obtained with 
the use of any stable bridge with limited accuracy, but with 
resolution capable of measuring resistance deviation to 
within 0.0001%. In such a case the deviations of the indiv¬ 
idual resistors are obtained, starting from a suitable initial 
bridge balance. It is important that all bridge settings ex¬ 
cept for the last place decade must remain fixed when inter- 
comparing individual resistors in order to insure that the 
deviations observed are significant. In addition all resistors 
should be measured twice in order to insure that the devia¬ 
tion readings are significant to within one part per million. 

Typical results obtained by either of the above methods are 
shown in Column A of Figure 2. The deviations are in 0.01 
ohm units (ppm) for each 10,000 ohm resistor of the DMR- 
105 Set. 

f Note that in Figure 1, we are using a BMR-1Q5 Set, com¬ 
prising twelve 10,000 ohm primary standard resistors. In this 
resistance range the combined residual ratio error intro¬ 
duced by interconnection wiring and insulation leakage 
will be less than one part in 10,000,000 (for a series string 
of ten resistors) if resistance uncertainty is less than 0.01 
ohms and leakage uncertainty is greater than 125,000 
megohms. Copper links are available for all DMR Sets 
which permit series connections with uncertainties of less 
than 0.001 ohms. External wiring for all tests should ha^e 
insulation of the quality used in Julie Research Laborator¬ 
ies Resistance Sets and Primary Standard Divider VDR-106; 
i.e. f ceramic. Teflon®, polystyrene or glass. 


THEORETICAL RATIO 

The BMR-105 Set permits series interconnections of its 
twelve Primary Standard Resistors to obtain 66 ratios. 
These ratios are defined by the fraction r = k/n where n is 
the total number of input resistors in the string and k is the 
number (less than n) across which the output voltage is 
developed. Additional ratios may be obtained by parallel as 
well as series connection of resistors, but for the purpose 
of this paper we will confine ourselves to the simple series 
connections. The 66 ratios are shown in Figure 3. It will be 
noted that approximately half of these ratios are distinct 
and give unusually good coverage of the ratio interval from 
0.0833333 to 1.0000000. The remaining points are redundant 
and afford an opportunity for multiple checking of the same 
ratio point. 


RATIO ERROR - DMR-105 

The closely matched resistors of a D MR-105 Set usually 
permit establishment of the ratios of Figure 2 to accuracies 
of 0.0001 to 0.0002% without need for correction or calibra¬ 
tion. However, we wish to show here how the resistance 
deviation data obtained in the earlier section may be used 


to obtain ratio corrections to an accuracy of the order of 
0.00001% (one part in ten million). 

By using the data of column A. Figure 2, ratio error in parts 
per million may now be calculated as follows: 

Accumulated sum of Resistance Deviation, 

fc>k = a l + a 2 * • • • + [pata shown as column Bj 
= b k-l + a k 

Ratio corr„ (ppm) = _1 Qb^ —_k (% ) □ (2) 

n n 

As an example, the correction of the first nine resistors in 
the typical BMR-105 shown in Figure 1 is calculated in 
Column C of Figure 2. The error calculation from equation 
(1) for a ratio of 3/9 is as follows: 

Ratio corr. = 1/9 C -1 -5/9 (+ 1) □ =-0.2 - 

These corrections may be calculated and tabulated in the 
spaces left in the chart of theoretical ratios shown in 
Figure 3. Note that the errors obtained for this typical 
nine-resistor string are less than 0.2 ppm before correction. 
Completion of the above chart for all values of ratio de¬ 
sired establishes a Primary Ratio Reference DMR-105 
with ratio certainty of the order of one part in 10,000,000. 

The temperature coefficient matching and stability of a 
DMR Set is such that in a typical laboratory environment, a 
single calibration will be usable for several months. When 
required, recalibration by the method given is relatively 
fast and simple. 

APPLICATION OF THE PRIMARY 
RATIO REFERENCE 

Maintenance of the 0.0001% (one part per million) rated 
accuracy of the Julie Research Laboratories Primary Stan¬ 
dard Divider VDR-106 is based on complete production and 
measurement tests described in an earlier Precision Vol¬ 
ume III, No. 4. A quick and independent check of this per¬ 
formance is possible using the DMR-105 Set as a Primary 
Ratio Reference. The test circuit is as shown in Figure 4. 

To ensure that a combination of power supply leakage re¬ 
sistance and galvanometer leakage resistance does not 
introduce substantial errors in the ratio determination, one 
side of the galvanometer circuit is grounded as shown, and 
a battery and battery switch properly floating on polystyrene, 
glass or Teflon insulation are used as a source. * With this 
circuit set-up it is only necessary to select a ratio, adjust 
the dials of the VDR-106 for no deflection on the galvano¬ 
meter when the battery switch is thrown and compare this 
figure to the ratio reference calibration chart of Figure 2. 
The VDR-106 data is taken to one part in ten million by 
recording the setting of the six dials and estimating the 
seventh place from the galvanometer deflection. 

suitable test for leakage effects may be made with 
any high range megohmeter. Before the calibration test 
of a VDR-106, it is possible to make an operational 
check of the complete circuit by splitting the DMR-105 
Set into two groups of six resistors each and intercom- 
paring them in the circuit of Figure 4. 




(Note: All leads must be insulated 100,000 megohms 
or more above ground. Teflon insulation is suitable.) 


STABILITY OF ULTRA-PRECISE RATIOS 

The stability of resistance ratios with temperature, voltage, 
humidity and time is largely a function of the stability of the 
basic resistors used and of the design of associated inter¬ 
connections, insulation and switching components. Primary 
Standard Dividers manufactured by Julie Research Labora¬ 
tories achieve unique accuracy and stability through the 
use of the type NB-1 resistor and consistently meticulous 
design of all associated components. 


Of over 100 VDR Dividers in production and laboratory use 
since July 16, 1956, only one has been returned to the 
factory out of accuracy specification. Other units checked, 
including Serial Nos. 2 and 16 maintained here at Julie 
Research Laboratories, are still within one part per million 
as specified in our literature. This complete absence of 
drift prevailed despite instances of years of service under 
extreme environmental conditions in production testing. It 
should be noted that these units have no facilities for ad¬ 
justments or recalibration. As with all JRL Dividers, no 
adjustments are required to maintain the stated accuracy. 


This reliability history permits Julie Research Labora¬ 
tories to offer a factual Written Performance Guarantee 
of 0.0001% ratio accuracy for a five year period for the 
Model VDR-106 Primary Standard Divider. 
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EQUIPMENT APPENDIX 

Comparison Of Ratiometric Method And Classical Method 
Using Ratiometrics To Measure Resistance 
Primary Resistance Measuring System PRB-205S 



RATIOMETRICS: 


A generalized system of (electrical) measurement that uses a single 
ratio instrument (divider) as the universal means of measurement, and 
a single ratio standard of more than two elements (divider string) as 
the universal means of calibration. 


CLASSICAL METHOD 

Uses 1:1 ratio or direct comparison 


e.g. - using a bridge balance where all 
comparisons are at equality 


RATIOMETRIC METHOD 
Uses ratio k:n where 
k< n> 2 

e.g. : n = 10 elements 


lft - 1ft + C 
2ft - 2ft + C 


A SEPARATE INSTRUMENT USED 
FOR EACH MEASUREMENT 



10 

10fi = ]jT)l fi 

or 10ft = 10 + C 

and 1000 = T^lOO 

or 1000 = 1000 + C 

In ratio terminology 


ONLY ONE INSTRUMENT WITH 
AUXILIARIES 
UNIVERSAL DIVIDER 



Ratio 


INPUT 

R 

° r 


1 

u u 


R is constant ± 0. 005% 


Calibration < 


00001 % 
Primary Std: to 

0001 % 


0001% 

Secondary Std: ^ to 

0005% 


0005% 

Quality Control Std: ■{ to 


■{: 

■{: 


001 % 

Production Std: ■{ to 


[}% 


ratio (r) = 1/2 




USING RATIOME T RIC S TO 
MEASURE RESISTANCE 


CONVENTIONAL RESISTANCE BRIDGE 



0 .5 1.0 

DIAL SETTING k 


£ me as. = ° k ’(l-k) % ^STD% 


RATIOMETRIC BRIDGE 



where 


a & b = Fixed bridge arms 

c = Compensating resistance 

Z in = Input resistance of 
universal divider 

solving, 


X + Zjn _ ( a + b 
Zin ' b 


_X 

Zin 



This is a LINEAR relation between 
X and k 
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JULIE RATIOME TRIC BRIDGE 
ERROR FUNCTION 



0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 12 


VDR-106 DIAL SETTING (RATIO d) 


9 9 
9 9 
9 9 
9 9 
9 10 


Not Drawn to Scale 



ACCURACY: 

0.00001%*+ Accuracy of Standard 


PRIMARY RESISTANCE MEASURING SYSTEM PRB-205S 



A UNIQUELY ACCURATE, modular, self-calibrating 
bridge system for 'Ratiometric''' measurements of ab¬ 
solute DC resistance and resistance deviation. 
Measurement accuracy is determined primarily by ac¬ 
curacy of plug-in primary standard resistance. (System 
limit-of-error is 0.00001% + error of standard.) Bridge 
self-standardization by Julie 'Ratiometric' technigues 
permits valid, direct-reading, 7-digit measurements. 

THE COMPLETE SYSTEM consists of the all-new 
PRB-205C Primary Resistance Bridge Component 
plus 2 widely-used Julie instruments: Primary Stand¬ 
ard Voltage Divider VDR-106 C and Null Detector 
ND-106/ Modular design permits front-panel inter¬ 
connection of system in 1 minute or less. 

PLUG-IN PRIMARY STANDARD MRS-106 is supplied 
with the PRB-205C Component. Each of the standard 
resistances is separately certifiable to 6 digits by 
NBS. 

a Patent applied for. 

b Proposed Definition: A system of DC electrical meas- 
ments that uses hyper-accurate, resistive ratio instru¬ 
ments of special design as fundamental measurement de¬ 
vices. 

c VDR-106 gives direct-reading results to 6 digits and 
meter-scale interpolation of 7th digit; if direct-reading, 
7-digit resolution is desired, specify VDR-106/7. 

^ Any suitable null detector may be used; contact a Julie 
representative for technical details. 

* of Full Scale. This is also the interpolation 
accuracy of the VDR-106 with self calibration. 


FEATURES 

‘RATIOMETRIC’ MEASUREMENT of resistance 
to 10 megohms with 5- to 7-digit accuracy. 

DIRECT SETTING AND READING of resistance 
value to 7 digits and of resistance deviation from 
0 to 150 ppm, in ! / 2 -ppm steps. 

AUTO-CALIBRATED for rapid, positive proof of 
accuracy. Self-standardization takes less than 1 
minute per range. 

FAST, SIMPLE TO OPERATE. Suitable for both 
laboratory and production facilities. 

2- OR 4-TERMINAL test connections on any 
range. Zero offset circuit eliminates test-lead 
and fixture effects. 

PLUG-IN RESISTANCE STANDARD MRS-106 
gives primary-standard references at 5 separate, 
NBS-certifiable values: 100 ohms, 1 K, 10 K, 
100 K, 1 megohm. 

BUILT-IN MERCURY BATTERIES, reversible, 
settable from ±1.4 to ±56 volts, allow fractional- 
ppm bridge balance. External bridge excitation, 
up to ±350 VDC, may be used. 

CALI BRAT ED/VAR I ABLE/LOGARITHMIC gain 
functions permit any desired ND-106 meter-scal¬ 
ing effect. 

SIMPLE, FRONT-PANEL, CONNECTIONS allow 
rapid setup. Full compatibility of all Julie in¬ 
struments allows use of ND or VDR in other ap¬ 
plications with minimum downtime. 

COMPLETE OPERATING PROCEDURES sup¬ 
plied. Julie-sponsored special course in 'Ratio- 
metric' calibration available, at no charge, to 
gualified personnel. 

(c) JULIE RESEARCH LABORATORIES, INC., 1963 
All information subject to change without notice 




PROCEDURE 


COMPC 



SELF-STANDARDIZATION 

The PRB-205S is rapidly and conveniently 
self-standardized on any range. Self-standardiza¬ 
tion brings measurement accuracy into agreement 
with NBS reference units through certified resis¬ 
tance standard MRS-106. 

PRB-205S self standardization in controlled- 
environment laboratories is reguired only at rela¬ 
tively long intervals. In production or quality 
control areas, self-standardization may be re¬ 
guired more often. In any case, the speed and 
simplicity of standardization are exceptional; 
typical time: 1 minute. 

After setting the true zero point (2-or 4-term- 
inal) to eliminate all test-lead effects, the resis¬ 
tance standard is connected into the bridge as an 
'unknown' and its deviation compensated for by 
setting the PRB-205C deviation dials. Nulling 
the galvanometer with the appropriate range 
standardization control then establishes the true 
high-end setting for the range. 


ABSOLUTE RESISTANCE MEASUREMENT 

Using appropriate standardized range, the 
'unknown' resistance is connected to test leads. 
The VDR dials, PRB-205C battery voltage, and 
ND-106 sensitivity are then set for the best gal¬ 
vanometer null. VDR dial setting at null gives 
absolute resistance of unknown to 6 (or 7) places, 
with limit-of-error accuracy established by stand¬ 
ard and VDR interpolation error of 1 digit. Self¬ 
tracking calibration of VDR can be used to reduce 
interpolation error still further. 

Fractional-ppm bridge balances may be made 
by use of battery reversal switch and selectable 
battery voltage. 


ABSOLUTE DEVIATION MEASUREMENT 

To measure resistance deviation, nominal 
value (from 0 ohms to 10 megohms) is set into 
VDR dials and PRB-205C deviation dials are 
used to null galvanometer. Deviation at null is 
read directly from deviation dials, in ppm, up to 
±150 ppm. A simple calibration of the ND-106 
meter scale also makes meter scale read directly 
in ppm. 



VDR-106 AND VDR-106/7 are primary-standard 
JRL instruments designed for general measure- 
ments-laboratory service. Their independently 
ascertainable 0.00001% interpolation accuracy is 
the basis of the new Julie system of'Ratiometric' 
calibration, in which special devices such as the 
PRB-205C are used to create complete DC meas¬ 
urements systems. 
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APPLICATIONS 


PRIMARY RESISTANCE BRIDGE COMPONENT 
PRB-205C standardizes each of 5 decade ranges 
so that the VDR interpolates linearly and accur¬ 
ately from 0 to 10 megohms. It also contains 
zero-offset circuitry that establishes the true 
zero point and eliminates all test-lead effects. 
Built-in mercury batteries, controlled by a polar¬ 
ity-reversing selector switch and push keys, sup¬ 
ply bridge excitation up to ±56 volts; higher ex¬ 
citation may be applied externally through the 
the bridge component. Direct reading deviation 
dials allow precise interpolation of deviation to 
±150 ppm. 

Plug-in Multiple Resistance Standard MRS- 
106 contains 5 Julie type NB-1 resistors in an 
oil-filled, hermetically sealed enclosure. It may 
be removed from the bridge and used or certified 
separately. 



NULL DETECTOR ND-106 combines a 100 K 
input impedance and extremely high leakage re¬ 
sistance with a signal sensitivity of 0.2 [iv olts 
and gain of 10 7 Selectable gain functions permit 
calibrated, logarithmic, or variable output meter 
scale. The input terminals are guarded and the 
output is suitable for recording. 


MEASURE ABSOLUTE RESISTANCE with accur¬ 
acies previously available only through use of 

NBS facilities. Ultimate accuracy limited pri¬ 
marily by accuracy of resistance standard em¬ 
ployed. 


DETERMINE ABSOLUTE DEVIATION from any 
specified integral resistance from 0.000000 ohms 
to 10 megohms. Make one dial setting; read de¬ 
viation in ppm directly from meter. Resolution 
better than 1 ppm. Linear/variable/logarithmic 
meter scaling functions. 


USE AS PRODUCTION TEST TOOL. Rugged, 
stable design permits use in production or guality 
control environment. Can be operated by regular 
production personnel. No need for special en¬ 
vironmental conditions. 


USE IN STANDARDIZATION AND CALIBRA¬ 
TION LABORATORY for high accuracy interpola¬ 
tion of resistance, determination of resistance 
deviation, and for ratio standardization. 


STANDARDIZE other instruments by use of sep¬ 
arately certifiable MRS-106 Multiple Resistance 
Standard supplied as part of PRB-205C Compon¬ 
ent. 


SUBSTITUTE OTHER RESISTANCE STAND¬ 
ARDS for MRS-106. Thomas 1-ohm primary stand¬ 
ards and RCS-105/7 transfer standards offer 
highest measurement accuracy. 



PRIMARY RESISTANCE MEASURING SYSTEM PRB-205S 


SYSTEM SPECIFICATIONS 


Components 


Range 


Limit-of-Error Accuracy^ 

Full System 

MRS-106 Multiple Resistance 
Standard (Supplied with 
PRB-205C) 

VDR-106 interpolation error 


PRB-205C Precision Resistance Bridge 
Component 

VDR-106 or VDR-106/7 Primary Standard 
Voltage Divider 

ND-106 Null Detector (optional) 

Every integral value to 10 meg. 

0 — 1000 ohms 
0 - 10 K 
0 - 100 K 
0 — 1 meg 
0 — 10 meg 


Accuracy of standard + interpolation error of 
VDR-106 

As supplied: 15 ppm 

NBS certification: 6 digit data supplied 

As supplied: +1 digit 
With self-tracking: +0.3 digit 


Resolution 


Traceabi lity 

MRS-106 Temperature Coefficient 


With standard VDR-106: 6 digits 
With VDR-106/7: 7 digits 

VDR-106, VDR-106/7, MRS-106 separately 
certifiable by NBS 

±2.5 ppm/°C 


Operating Temperature^ 


25° ± 5°C 


Bridge Excitation Internal 
Internal 
External 

Dimensions + 

PRB-205C 
ND-106 
VDR (either) 


4 Mercury cells: +1.4V, ±8V, ±28V, ±56V 
±350 VDC, max. 


19 W x 5 % H x 6 D 

19 W x 514 h x 6 D 

19 W x 14 H x 8 D 


Power Required 


117 VAC, 60 CPS, 200 MA (for ND-106) 


1 The absolute accuracy of JRL standards and instruments refers in all cases to the reference 
Unit as maintained by the National Bureau of Standards (NBS) in Washington, D.C. 

-2 The system operates accurately over this entire temperature range; however, temperature cor¬ 
rection of the resistance standard used may be required. 


3 For rack mounting; also available in mahogany instrument cases. 
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